The functions of RNA molecules are defined by their spatial structure, whose folding is regulated by numerous factors making RNA very similar to proteins. Prediction of RNA folding nuclei gives the possibility to take a fresh look at the problems of the multiple folding pathways of RNA molecules and RNA stability. The algorithm previously developed for prediction of protein folding nuclei has been successfully applied to ~150 various RNA structures: hairpins, tRNAs, structures with pseudoknots, and the large structured P4-P6 domain of the Tetrahymena group I intron RNA. The calculated Φ-values for tRNA structures agree with the experimental data obtained earlier. According to the experiment the nucleotides of the D and T hairpin loops are the last to be involved in the tRNA tertiary structure. Such agreement allowed us to do a prediction for an example of large structured RNA, the P4-P6 RNA domain. One of the advantages of our method is that it allows us to make predictions about the folding nucleus for nontrivial RNA motifs: pseudoknots and tRNA.
Introduction
The spatial structure and folding of RNA molecules is currently the subject of many investigations [1, 2] . In the folding process, the RNA strand, like a protein globule, passes through numerous intermediate states able to play a key role in the kinetics of the process. The question of how a biopolymer chooses OPEN ACCESS its native folded form from among an astronomical number of alternative folds is acute for both RNA and protein molecules. Computer experiments with RNA-like and protein-like model chains have shown that all of them can reach their lowest-energy fold without an exhaustive search over all the possible folds. It has been shown that the possibility of fast folding of the native folds for protein-like and RNA-like heteropolymers depends on the sequence and external conditions such as temperature and solvent quality [3] [4] [5] [6] . In trying to understand how biopolymers solve the problem of fast folding, it is useful to know the formation of what structural elements limits the RNA folding rate. It is obvious that not all nucleotides play a decisive role in RNA folding. On the one hand, this explains how RNA with rather low identity can form a similar tertiary structure such as tRNA, group I and II introns, and many others. On the other hand, how can the change of a single nucleotide influence the rate of RNA folding? Thus, knowledge about the folding nucleus (a folding nucleus is the structured part of the molecule in a transient state) makes it possible to reveal structural elements the folding of which limits the rate of RNA folding. The know-how of theoretical prediction of RNA nucleotides important for the formation of a folding nucleus would define the most probable kinetic pathway of folding. This in turn makes it possible to implement RNA-engineering for experimental detection of the RNA folding nucleus (i.e., the structured part of the transition state).
The folding nucleus plays a key role in protein and RNA folding: its instability determines the folding and unfolding rate-limiting steps. It should be stressed that the folding nucleus corresponds to the free energy maximum. Therefore, there is only one, very difficult experimental method to identify the folding nuclei in proteins: to find residues whose mutations affect the folding rate by changing the transition state stability as strongly as that of the native protein [7, 8] . This method is called "Φ-analysis" (see Figure 1) .
Φ-values have been obtained for many proteins to find key residues in protein folding by experimental investigations [9] [10] [11] [12] . Several theoretical algorithms have been elaborated for prediction of Φ-values in protein structures [6, 13, 14] . At present time there are just a few experimental works on the Φ-value determination for RNA nucleotides [15, 16] . A small number of the Φ-values is available for the creation of benchmarks, but the area of RNA structure prediction is younger than that of proteins. The transition state for nucleic acid hybridization using Φ-value analysis has been tested in [17] . The authors demonstrated that the formation of a nucleation complex is a rate-limiting step, which provides an insight into effective siRNA design.
The tertiary unfolding transition state of unmodified yeast tRNA Phe was studied in [15] . The authors concluded that the D/T-loop junction is formed last upon the tRNA Phe folding. This may be due to strong repulsion between negatively charged phosphate groups. Since the tRNA tertiary structure is conserved, the authors suggest that it is possible that early unfolding of the D/T-loop junction is a common feature among tRNAs [15] .
Moreover, some of the first quantitative values for an activation barrier and location of the transition state for tertiary folding of the P4-P6 RNA domain were reported in [16] . The low values of Φ indicate an early transition state for the rate-determining step of the Mg 2+ -induced P4-P6 tertiary folding [16] . An early transition state for the P4-P6 folding is consistent with the Hammond postulate [18, 19] . The low value Φ ~ 0, taken alone, implies only that most of the native-state tertiary contacts are not yet formed at the rate determining folding transition state. Since similarly to protein functions, RNA functions depend on the conformation of the molecule, RNA folding processes are now successfully studied using approaches developed for protein research, such as Φ analysis [20] , fluorescent resonance energy transfer (FRET) [21] , and small-angle X-ray scattering (SAXS) [22] . Another technique developed specially for RNA research-Selective 2′-Hydroxyl Acylation analyzed by Primer Extension (SHAPE)-allows for the identification of mobile nucleotides in RNA molecules of any size [23] .
It was supposed for a long time that RNA folding (unfolding) is a hierarchical process: the secondary structure is formed first, and only then tertiary interactions are formed stabilizing the spatial structure, but using the SHAPE approach it has been recently shown that tRNA folds in a non-hierarchical manner, with non-native conformations accumulated during the folding as observed in experiments [24] and RNA secondary and tertiary interactions are formed mutually. Such a scenario of RNA folding allows us to apply the algorithm previously developed for the prediction of protein folding nuclei to the prediction of folding nuclei for RNA structures [25, 26] .
Theoretical studies are commonly focused on predicting the secondary and tertiary RNA structure or on describing the RNA folding kinetics presented as a free energy landscape. The investigation of the secondary RNA structure began immediately after Watson and Crick's discovery of base pairing in 1953. The RNA secondary structure, as compared to proteins, contains fewer contacts between remote chain fragments [27] . However, it is their behavior that specifies the nature of the helix-globule transition in large RNA molecules: helices formed through the pairing of remote fragments melt simultaneously by secondary phase transition, while those formed by neighboring chain fragments melt nearly independently [28] . It would be natural to suppose that the folding of large RNA molecules implying a search through an enormous number of possible structures also employs certain facilitating geometric factors. In our previous studies [29, 30] it was shown that, for an RNA secondary structure model, such a factor was the presence of high energy contacts between remote chain fragments in the native structure: sequences, which were "geometrically edited" to adjust native contact energies so that the contacts between the most remote fragments were the strongest, acquired their native state in optimized external conditions (temperature and efficient component interaction) by an order of magnitude faster than random sequences.
Zuker and Stiegler's free energy minimization algorithm [31] employs the RNA sequence as input data and searches for the structure with the minimal free energy using the dynamic programming approach. The partition function algorithm is another dynamic programming algorithm suggested by McCaskill for RNA molecules without pseudoknots [32] . The partition function algorithm is included in the Vienna software package [33] . It is worth mentioning the algorithms including pseudoknots: a dynamic programming algorithm for RNA structure prediction and new server IPknot [34, 35] . The major algorithm for calculating the RNA folding pathway kinetics employed the discrete molecular dynamics approach [36] . The replica exchange algorithm was used to present the energy landscape of folding pathways. Recently a coarse-grained model for predicting RNA folding thermodynamics has been developed [37] .
In this work we consider a model of RNA structure adapted from the work reported in [36] and an algorithm for predicting RNA folding nuclei [25] . The analysis of Φ-values for 103 tRNA molecules whose structures were obtained in bound and unbound states makes it reasonable to suppose that the anticodon hairpin is incorporated in the folding nucleus, while nucleotide residues in the region of Dand T-hairpin loops are the last to be involved in the tRNA structure. The calculated Φ-values for tRNA structures agree with the earlier obtained experimental data [15] . According to the experiment, the nucleotides of the D and T hairpin loops are the last to be involved in the tRNA tertiary structure.
It should be noted that many investigations have been devoted to studying and elaborating methods for predicting the folding and secondary structure for RNA molecules [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . We are the first to predict the Φ-values and location of the transition states for various RNA domains. One of the advantages of our method is that we can predict the folding nucleus for any structure even with pseudoknots if its spatial structure is in the PDB or NDB databases.
Theory

Assignment of the Coarse-Grained Structural Model and Energy Parameters for Base Pairing, Base-Stacking, and Hydrophobic Interactions
We have developed a model similar to the coarse-grained RNA model presented by Dokholyan's group [36] to model all RNA structure and energy parameters. To simplify calculations, the authors considered a full-scale atomic RNA model in which three beads correspond to each nucleotide. Beads P and S are positioned in the center of the mass of the corresponding phosphate group and the five-atom ring sugar, the base bead (B) is positioned in the center of the six-atom ring for both purines and pyrimidines (Figure 2 ). The non-bonded interactions are crucial to model the process of RNA folding. In our adapted model [36] , we have included the base pairing (only A-U, G-C, and U-G pairs are involved in hydrogen bonding), base-stacking, and hydrophobic interactions. The basic energies of the hydrogen-bonding interactions are εHB = −0.5 for A-U, εHB = −1.2 for G-C, and εHB = −0.5 kcal/mol for U-G, respectively. If the distance between bases Bi and Bj is within the limits of dmin-dmax, then the hydrogen bond energy is calculated. The hydrogen bond energy depends on three distances (see Table 1 ) between bases and sugars: BiBj, SiBj, and BiSj ( Figure 2 ). The distances between SiBj and SjBi, define the orientations between the two nucleotides. If the distances satisfy the predetermined range, we allow the hydrogen bond to be formed, and forbid its formation otherwise. If all these distances are within the limits of d1 < R < dmax, then coefficient 3 is given to the hydrogen bond energy (3εHB). In the case of further reduction of the distance (i.e., in the case of the interval d0 < R < d1), 0.5εHB (kcal/mol) is added to each pair (BiBj, or SiBj, or BiSj). When all three distances fall within dmin < R < d0, then EHB = 0 kcal/mol. When a branched hydrogen bond is formed, the energy value is divided by two.
In our model, the energy of base-stacking and hydrophobic interactions is determined as follows: if two bases are at distance r < 4.65 Å for purines, r < 4.60 Å for pyrimidines, and r < 3.8 Å for purine-pyrimidine as well as for all modified bases, then EStack = −0.6 kcal/mol; if the distance between the base pairs is smaller than 6.5 Å but no stacking is formed, then the energy of hydrophobic interactions EHydrophobic = −0.4 kcal/mol is attributed to them. We calculated the average free energy values for these interactions using the data from [36] . The considered parameters for all possible neighboring base pairs are given from the experimentally tabulated energy [38] . It should be noted that for non-canonical pairs, the energy of stacking and hydrophobic interactions was also considered. 
Network of Folding/Unfolding Pathways and the Point of Thermodynamic Equilibrium
Why do we investigate the RNA unfolding rather than folding? Simulation of unfolding is simpler than that of folding because one can avoid exploring numerous high-energy dead-ends, while, according to the detailed balance principle [6] , the pathways for folding and unfolding must coincide when both processes take place under the same conditions. Hence, we are interested in conditions close to that of thermodynamic equilibrium between the native and the coil states. Calculation algorithms were already developed for the prediction of protein unfolding pathways [6] .
Spatial structure of RNA in the native state was picked up from the PDB or NDB databases [39] . The RNA folding/unfolding process is modeled as reversible unfolding of its native structure by the dynamic programming technique [6] . We consider the network of unfolding pathways in which each pathway is a simplified virtual consecutive RNA unfolding (Figure 3) , i.e., the artificial exclusion of one or another nucleotide from all interactions within the molecule. The removed nucleotide gains the unfolded state entropy with the exception of the entropy spent to close the disordered loops protruding from the remaining structure. It is assumed that the other nucleotides retain their native positions and that the unfolded regions do not fold into another, non-native structure. To use dynamic programming to search out an ensemble of transition states (or a transition state) in a large network of folding-unfolding pathways, we have to restrict this network to ~10 7 intermediates. Therefore we consider only the intermediates with no more than two closed loops in the middle of the chain plus the N-and the C-terminal disordered tails. To the same end, we use "strand links" consisting of a few nucleotides: of two for RNA with less than 80 nucleotide residues, and of four (or three) for larger RNAs. The pathway networks used in calculations are much more extensive than in this scheme: they include millions of partially unfolded microstates.
Estimation of Free Energy and Calculation of Folding Nuclei
The process of consecutive folding/unfolding of native structure of a nucleotide chain consisting of U nucleotide links is shown in Figure 3 . This chain has the fully folded native state S0, fully unfolded state SU, and multiple intermediate partially unfolded structures Sv including ν disordered links and the native-like globular part of U -ν links (ν = 0 for native state S0, v = U for fully unfolded state SU, v = 1, …, U -1 for partially unfolded structures).
All free energy calculations given in this work relate to the point of thermodynamic equilibrium between native structure S0 and random coil SU. The free energy of an intermediate state of an RNA molecule is calculated using the equation:
The total energy Esum(Sv) is calculated by taking into account all nucleotides of RNA structure Sv and is presented as the sum of energies of base pairing (energies of hydrogen bond, EHB), base-stacking (EStack), and hydrophobic interactions (EHydrophobic) of each of nucleotides described by the coarse-grained model:
The main designations are as follows: T is the temperature in Kelvin (350 K); R is the universal gas constant; σ is the difference in entropy upon transition of one nucleotide residue from unfolded to the structured part of the molecule in R units; Nfree.nucl is the number of nucleotide residues in the unfolded part of the molecule; Sloop is the loop entropy (the cost for locking loops leaving the globule between residues k and l). As we consider the loops protruding from the globular state the Jacobson-Stockmayer model can be considered [40, 41] . The loop entropy is calculated using the formula:
The factor of 5 is due to limitations in the integration, as we restrict the movement of the loop only in space z > 0 [42] . Upon protein structure modeling we have shown that the term responsible for the persistent length does not make a large contribution to the calculations of the loop entropy (the persistent length 20 Å) [6] . The persistence length for RNA molecules is ~10-20 Å [43] , and therefore here we ignore this parameter (the term itself is not so strict and can be largely treated as a constant in the first approximation [44] ).
Special attention should be given to calculation of σ, the entropy difference between random coil and native states of a nucleotide residue that can be calculated if the RNA structure is at the point of thermodynamic equilibrium between native and random coil phases F(S0) = F(SU), i.e., Esum(S0) and σ obey the ratio Esum(S0) = −RTNall.nuclσ, where Nall.nucl is the number of nucleotides in the native RNA structure (the chain fragment corresponding to the link includes Nall.nucl/U nucleotides). A complete analysis of the pathways through these "semi-unfolded" structures is carried out using the dynamic programming technique [6] .
The value of the ratio Φ = ∆∆F#-U/∆∆FN-U is the measure of the involvement of the nucleic acid in the transition state structure formation. The ∆∆FN-U value is the difference of free energies between the folded and unfolded states of the wild type RNA and the mutant, ∆∆F#-U is the difference between free energies of transition and denatured states. If Φ = 1, then contacts that define the native state at the moment of the transition state have been already formed; this means that this residue is incorporated into the folding nucleus. If Φ = 0, then these contacts evolve at the last moment of RNA folding, after overcoming the free energy barrier. It is very difficult to interpret intermediate Φ-values because they depend on many factors. Such values may show both that these contacts at the moment of the transition state were formed partially, and that weak interactions between pairs could be formed or not at the moment of the transition state.
Φ-values for concrete nucleotide (Φn) are calculated using the formula:
where summation is made using the ensemble of transition states generated by the dynamic programming technique upon construction of a complete folding/unfolding network, ∆nE(S # ) is the change in energy of interactions upon removal of the assigned nucleotide (n) in transition state S # . The words "nucleotide removal" mean exclusion of the latter from all interactions (this is similar to a particular amino acid residue replacement by glycine in proteins [6] ); ∆nEN is the change in the interaction energy in the native state in response to the removal of nucleotide n. It is supposed that in the unfolded state the nucleotides form no contacts, i.e., they are not involved in any interaction.
To average the values in a set of transient states (S # ), Boltzmann weights are used:
where (S # ) is the transient state from a set of all structures in this state. These Φ-values have the same sense as the Φf values derived from the protein/RNA engineering experiments. They are compared to see the theory and experiment correlation.
Results and Discussion
Prediction of Folding Nuclei for tRNAs
Do RNA and protein chains have different folding kinetics? To answer this question we investigated the transition state for the RNA folding kinetics suggesting that tertiary and secondary structures are formed simultaneously for different RNA domains/sequences [24] .
Transfer RNA (tRNA) molecules play an important and variable role within cells. However, the main role of tRNA is the binding to its amino acid residue (with involvement of aminoacyl-tRNA synthetase) and the necessary codon recognition on mRNA. Although tRNA is often subject to a variety of modifications, it still serves as a valuable model experiment and even as a benchmark in studying three dimensional (3D) folding [36] . Searching for various tRNA structures we have scanned the NDB database and obtained 126 files including the structures of various tRNA molecules. Seventeen kinds of various tRNAs molecules were found among 103 tRNA structures with resolution better than 3 Å. It turns out that practically all tRNA structures (90) are crystallized in the complex with aminoacyl_tRNA synthetase or with part of ribosomal RNA (bound tRNA). Only 13 tRNA structures (tRNA Phe , tRNA Asp , tRNA fMet , and tRNA Lys ) were determined in the unbound state [25] . All calculations and analysis of folding nuclei in this work were performed for these 113 tRNA structures (http://bioinfo.protres.ru/foldnucleus/Foldnucleus_tRNA.pdf).
Since experimental data on folding nuclei were obtained for tRNA Phe [15] , we began from this structure. The Φ-value profile for unmodified tRNA Phe of E. coli is shown in Figure 4 . Regions with low Φ-values corresponding to loop regions of the D and T hairpins as well as regions with high Φ-values corresponding to anticodon hairpin are clearly seen. These data agree with the experimental results [15] showing that in the case of tRNA Phe destruction the contacts joining the loops of the D and T hairpins are broken first, and then disruption of base pairs of the D hairpin secondary structure occurs. Figure 5 shows the Φ-value profiles for four structures determined in the unbound states: tRNA One can see that these profiles look similar: nucleotides corresponding to the D and T loops have the lowest Φ-values compared to different regions of the tRNA molecule, whereas the anticodon helix has the highest Φ-values, which agrees with the experimental data [15] . The Φ-value profile for tRNA Lys is slightly different, but this is due to poor resolution for this structure (3.3 Å). We obtained values for each component of interaction energy, the number of hydrogen bonds, the number of pairs of stacking and hydrophobic interactions for the four considered structures (Table 2 ). . Distortions of the acceptor stem are also observed, particularly for tRNAs aminoacylated by class I aminoacyl-tRNA synthetases, which approach their tRNA partners from the acceptor stem minor groove side. It should be noted here that the enzymes modifying anticodon nucleotides distort this loop to access the bases. In the cases when the structure is disturbed upon complex formation, the calculation of the folding nuclei is not correct. For example, the anticodon loop of tRNA Gln in the complex with aminoacyl-tRNA synthetase has an unusual structure: U35 forms base-stacking with А37, but С34 and G36 begin to interact with the side chains of the protein. Likely, such described distortions of the structures are typical for aminoacyl-tRNA synthetase belonging to the first class upon interaction with corresponding tRNA. It should be noted that in some cases (for example) the A-form of tRNA Asp (2TRA) can distort the RNA structure.
To reveal the importance of certain nucleotides in the folding nucleus, we removed some nucleotides corresponding to high Φ-values. "To remove" means to excise the base atoms of the chosen nucleotide from the native RNA structure. We suppose that the pronounced change in the profile will appear only if the removed base exists in the folding nucleus. It is well seen on the example of the tRNA Phe molecule (PDB file: 3L0U) how the Φ-value profiles change after removal of G30 and C41 from the AC helix. Only minor changes were observed upon removal of base C11 from the D loop ( Figure 7) . As seen in the Figure, the folding nucleus is mainly localized in the anticodon hairpin region. These two cases show that a slight change in local stability of tRNA (~1 kcal/mol) is able to significantly change the pathway and, correspondingly, the nucleus of tRNA folding. This situation is similar for tRNA molecules crystallized in the bound state.
It should be underlined here that in many protein families the transition states of homologous proteins are remarkably similar [47] . For tRNA molecules we observed a similar situation: the general structural features of the transition state are maintained. 
Prediction of Folding Nuclei for Domain P4-P6 from the Tetrahymena thermophila Ribozyme First Group Intron
The kinetics simulations suggest that the folding of the RNA secondary structure depends on the structural factors of the native state. It has been demonstrated that one of these factors accelerating the folding of large RNA is the existence of strong long-range helices in the native secondary structure [29, 30] . The available conformational space increases exponentially with the increasing length of the simulated RNA. Moreover, RNA is structurally very flexible and this flexibility will increase also with the increasing RNA length. Practically, all RNA based reactions are thought to take place together with proteins [48] . In this work we have made predictions of the folding nuclei for one of the largest known spatial structure of RNA, domain P4-P6 from the Tetrahymena thermophila ribozyme first group intron. Compared to tRNA, the 160-b P4-P6 domain is considerably larger, and the investigation of its folding represents the next stage leading to the understanding of the self-organization of large nucleic acids. This ribozyme belongs to group I introns due to the presence of several short conserved sequence elements determining its secondary structure [49] . The ribozyme comprises nine paired helical fragments P1-P9 [49] .
The impact of the P1 domain on the tertiary structure formation of the full group I intron ribozyme was studied in [50] . P1 is a duplex of six base pairs. Apparently, the docking of P1 to the preformed ribozyme core is the last and therefore represents the limiting stage in the formation of a functional molecule. The experiment involved introducing eight different chemical modifications of P1 nucleotides and analyzing their effects on the correct docking of P1 to the ribozyme core by means of FRET. The Φ-values for the modified nucleotides of P1 were calculated using the docking rate and equilibrium constants kdock and Kdock. P1 was assumed to be initially not docked to the rest of the ribozyme, i.e., in a quasi-free state. In this case the Φ-values were calculated using the following equation:
It was shown that the P1 duplex was the last to dock to the catalytic core (Φ = 0). The authors concluded that large RNAs in their native state may be comprised of locally unfolded fragments [50] .
Using the experimental data available for domain P4-P6 it was found that it is a highly co-operative folding; it was also shown that the tertiary contacts in the particular domain P4-P6 are formed two times faster than in the same domain, but are included in the whole ribozyme. The P4-P6 domain can be studied independently from the whole molecule, since its folding is not controlled by the rest of the multi-domain structure. At the same time a three-helix junction (P5abc) within the P4-P6 domain folds at least 25 times more rapidly in isolation than when being a part of the wild-type P4-P6 RNA [51] . The fastest observed rate constants for P4-P6 folding are on the order of 10 s −1 [52] , much slower than the formation of basic structures such as RNA hairpins, which form on the microsecond timescale [53, 54] .
To follow the formation of equilibrium tertiary structures, the folding kinetics of the pyrene-labeled P4-P6 domain at different Mg 2+ concentrations was monitored using the stop-flow technique [16] . The observed folding rate constant kobs was assessed by changing the fluorescence intensity at different Mg 
To identify the nucleotides included in the folding nucleus and affecting the folding of P4-P6, several mutations were introduced into the domain (Figure 8 ). The Φ-values were determined based on the changes in the free energies of folding and the stable state. In spite of some thermodynamic differences, the folding rates of wild-type and mutated P4-P6 were similar. At the same time, the fact that Φ ~ 0 indicates that, in the transition state, these nucleotides had not yet formed their native contacts.
For instance, at the Mg . For the given folding rate constant, ΔG # lies within the range of 8 to 16 kcal/mol. The relatively wide range obtained for free energy may be due to the uncertainty regarding the pre-exponential factor used in the formulas for kobs and ΔG # . In the Eyring equation used in this case, the pre-exponential factor was suggested for small molecule reactions in the gas phase. However, the P4-P6 molecule is fairly large, and the use of the kBT/h factor may be questionable [16] . In spite of this problem, the activation energy values obtained in the study look fairly reasonable, as they agree with the limit of the known free energy barrier of tertiary folding of protein and RNA molecules (typically, a few kcal/mol). As can be seen from Figure 9 , our theoretically calculated Φ-values for domain P4-P6 are not in close agreement with the meager experimental data [16] , but differences between our theoretical assumptions and the experimental conditions may be largely to blame for these discrepancies. As it turned out, the mutations (marked with yellow dots in Figure 9 ) were produced mainly by the nucleotides involved in the formation of tertiary contacts and gave the lowest Φ-values in the experiment. Moreover, in the simulations aimed at estimation of the folding nuclei in RNA molecules, it is important to take into account its state (fully unfolded or just losing tertiary contacts). The experiment was carried out determining the Φ-values only for the nucleotides involved in tertiary contacts (the molecule retained its secondary structure); and in our theoretical study, we expect the Φ-values of the completely unfolded state. Perhaps that is why there is such a discrepancy between the theoretically calculated and experimental Φ-values in the 5 nucleotide residues. Another reason is a small thermodynamic effect of mutations. It was reported that Φ-values were considered reliable only for protein mutations whose effect on the stability of the native state exceeded 1.6 kcal/mol [55] . From the experimental data we have for P4-P6 that ∆C209 deletion stabilizes folding of P4-P6 [56] by 1.1 kcal/mol, and the estimated ∆∆G is 0.4 kcal/mol for the destabilizing U168C:U177G double mutation [57] . The dual observations of a large ∆G # value and an early transition state (low Φ) suggest that a simple two-state energy diagram for the P4-P6 tertiary folding is incomplete [16] . The conclusion of the authors is that it is necessary to calibrate the relationship between kobs and ∆G # for all RNAs, including P4-P6.
Prediction of Folding Nuclei for RNA Structures with Hairpin and Pseudoknots
An RNA pseudoknot is minimally comprised of two helical structures connected by two single-stranded loops, thereby providing a simple way in which a single-strand of RNA can fold back on itself. As such, RNA pseudoknots are widely recognized to perform diverse biological functions, including the formation of protein recognition sites mediating replication and translational initiation, self-cleaving ribozyme catalysis, and inducing frameshifts in ribosomes [58] . It should be noted that many studies have been devoted to studying and elaborating the methods of predictions for folding and secondary structure for RNA molecules without a pseudoknot. One of the advantages of our method is that we can predict the folding nucleus for any structures even with pseudoknots if there is its spatial structure in the PDB or NDB databases. We study pseudoknots folding/unfolding by selecting representative pseudoknots whose structures are available in the PDB or NDB (see Table 3 ). As one can see, our program can perform calculations for structures with pseudoknots (Table 3) . Finally, we present some calculations on the RNAs for which experimental data are still not described in literature. In the PDB and NDB banks we have found a sufficiently large number of hairpin structures, which, in fact, are parts of a single larger structure. The Φ-value profiles for them are quite conservative and almost unchanged even when the length of the hairpin increases (see Table 3 ). It is evident that such a simple structure as a hairpin has M-shaped Φ-value profiles by our algorithm. It is logical to assume that the terminal nucleotides or long-range contacts are included in the folding nucleus of the hairpin, while the nucleotides of the loops do not form contacts at all, so the Φ-values for them are close to zero.
Conclusions
The great diversity of RNA biological functions implies that different molecules may employ different folding pathways. It is still unclear what structural elements determine the folding of different RNA types and how a molecule chooses particular kinetic folding pathways. Important progress has been made in the prediction of protein folding nuclei by starting from the known 3D structures of native proteins. This progress is due to the analysis of multidimensional networks of the protein folding-unfolding trajectories done using various algorithms [6, 13, 59] . All these approaches (applied also to the studies of the folding rates) use different approximations and algorithms, consider only the attractive native interactions (the "Gō model" [60] ) to reduce the energy frustrations and heterogeneity of interactions, and model the trade-off between the formation of attractive interactions and the loss of conformational entropy during protein folding. These studies also simulate unfolding of known 3D protein structures rather than their folding, but the unfolding is considered close to the mid-transition point, where folding and unfolding pathways coincide according to the detailed balance principle. The investigations allowed the authors to outline the protein folding nuclei in more detail. Despite the relative simplicity of these models, they give a promising (~50%) correlation with experiment.
It is noteworthy that this correlation (0.5) for protein structures is considerably worse than those typical of prediction of protein folding rates. The first obvious reason is that the predicted Φ-values are restricted to the narrow region of 0-1 with an experimental error of ~±0.1, while the observed folding rates (determined with a relatively small experimental error) belong to the wide range of 10 . A more important reason is that the folding nucleus is not as stable to the action of mutations (and thus to the unavoidable errors in energy estimates used to outline them) as a 3D protein structure, and it would be strange to obtain a perfect prediction of the folding nuclei with the same force fields which are still not able to predict the mutation-stable 3D native structure of a protein.
As concerns RNA structures, there are not enough quantitative data on RNA folding. The calculated Φ-values for tRNA molecules are in agreement with the experimental data, showing that nucleotide residues in the D and T hairpin regions are involved in the tRNA structure last, or more exactly, they are not included in the tRNA folding nucleus [15] . High Φ-values in the anticodon hairpin region show that the folding nucleus of tRNA is localized just in that place [25] . The calculation was done for 103 tRNA structures with the resolution better than 3 Å out of 126 considered tRNA structures from the PDB and NDB databases. Prediction of RNA folding nuclei gives a possibility to take a fresh look on the problems of multiple folding pathways of the RNA molecule and stability of RNA. One of the advantages of our method is that it allows us to make prediction of the folding nucleus for nontrivial RNA motifs, such as pseudoknots. The algorithm for prediction of folding nuclei in proteins has been successfully applied to calculations of folding nuclei in tRNA molecules. We are the first who reported the Φ-values and location of the transition states for tertiary folding of various RNA domains. We are the first who prepared the server for calculation the folding nucleus for RNA and protein [61] .
